ANL-HEP-PR-09-15 
EFI-09-08 



§ A Heavy Higgs and a Light Sneutrino NLSP in the MSSM 

^! with Enhanced SU(2) D-terms 

u '. 

Oh. 
<■ 

O ■ Anibal D. Medina °, Nausheen R. Shah "^"^ 

and Carlos E. M. Wagner ^'^^ 



in: 



> 

in 

(N 



Department of Physics, University of California, One Shields Ave. Davis, CA 95616"', USA 
Enrico Fermi Institute ^ and Kavli Institute for Cosmological Physics , 
University of Chicago, , 5640 S. Ellis Ave., Chicago, IL 60637, USA 
HEP Division, Argonne National Laboratory, 9700 Cass Ave., Argonne, IL 60439, USA 

April 10, 2009 



O 

Q\ \ Abstract 

' The Minimal Supersymmetric extension of the Standard Model provides a solution to the 

hierarchy problem and leads to the presence of a light Higgs. A Higgs boson with mass above 
^ , the present experimental bound may only be obtained for relatively heavy third generation 

^ I squarks, requiring a precise, somewhat unnatural balance between different contributions to the 

effective Higgs mass parameter. It was recently noticed that somewhat heavier Higgs bosons, 
which are naturally beyond the LEP bound, may be obtained by enhanced weak SU{2) D- 
terms. Such contributions appear in models with an enhanced electroweak gauge symmetry, 
provided the supersymmetry breaking masses associated with the scalars responsible for the 
breakdown of the enhanced gauge symmetry group to the Standard Model one, are larger than 
the enhanced symmetry breaking scale. In this article we emphasize that the enhanced SU{2) 
D-terms will not only raise the Higgs boson mass but also affect the spectrum of the non- 
standard Higgs bosons, sleptons and squarks, which therefore provide a natural contribution 
to the T parameter, compensating for the negative one coming from the heavy Higgs boson. 
The sleptons and non-standard Higgs bosons of these models, in particular, may act in a 
way similar to the so-called inert Higgs doublet. The phenomenological properties of these 
models are emphasized and possible cosmological implications as well as collider signatures 
are described. 



1 Introduction 



The Minimal Supersymmetric Standard Model (MSSM) provides an elegant solution to the hierarchy 
problem of the Standard Model (SM) and in the presence of R-parity, naturally includes a good 
dark matter candidate. The MSSM also leads to the presence of a Higgs boson, with SM-like 
properties, which is naturally light, with a tree- level mass smaller than the Z-gauge boson mass [HIS]- 
Therefore, the current experimental bound on a SM-like Higgs boson from the LEP experiment, 
rrih ~ 114.4 GeV, demands relatively large radiative corrections induced by the third generation 
squarks [3],[1]. Such large corrections may only be obtained by large squark masses which lead 
at the same time to large negative radiative corrections to the soft supersymmetry breaking Higgs 
mass parameter. Hence, proper electroweak symmetry breaking (EWSB) may only be obtained 
by fine-tuning the negative soft supersymmetry breaking and positive fi term contributions to the 
effective Higgs mass parameter. 

The situation may be improved if the electroweak SM gauge group proceeds from a larger 
gauge structure which is spontaneously broken to the SM group at energies of a few TeV. If the 
supersymmetry breaking parameter of the scalars, which are associated with the breakdown of 
the extended gauge symmetry, is much larger than the order parameter of the gauge symmetry 
breakdown, the D-term of the low energy weak interactions may be enhanced. This, in turn, leads 
to larger values of the tree- level SM-like Higgs boson mass and reduces fine tuning [5],[B],0. 

A natural implementation of these ideas may be realized by extending the weak gauge group 
to the group SU{2)i x SU{2)2, where the two Higgs doublets of the MSSM as well as the third 
generation particles are charged under one of the two SU{2) groups, SU{2)i, while the first and 
second generation particles are charged under SU{2)2 |8]. The SU{2)i x SU{2)2 symmetry is 
eventually broken to the diagonal SU{2)w group that may be identified with the one associated 
with the SM weak interactions. Such an extension of the MSSM is anomaly free and can lead to 
an understanding of the hierarchy of the third generation and the lighter generation masses. For 
relatively large values of the SU {2)i gauge coupling one can get SM-like Higgs boson masses up to 
300 GeV. 

Such large Higgs boson masses tend to be in conflict with precision electroweak observables [H]. 
The model described above, provides extra contributions to these observables. On one side, there 
are non-universal contributions to the third generation quark and lepton couplings to the weak 
gauge bosons, which are induced by the mixing of the heavy gauge bosons with the SM ones. Such 
contributions may be minimized for large values of the vacuum expectation value (vev) of the scalars 
that provide the breakdown of the extended symmetry (see, for example, Ref. [10]). However, the 
presence of a heavy Higgs still leads to a relatively large negative contribution to the T-parameter, 
leading to further tension with the precision electroweak observables. 

In this work we emphasize that the same D-term contributions that lead to an enhancement 
of the Higgs mass also lead to a splitting of the left-handed super-partners of the third generation 
squarks and sleptons as well as the non-standard Higgs bosons. We show that the mass splitting of 
these doublets is naturally of the size necessary to compensate the large negative Higgs contribution, 
restoring agreement of the model with precision electroweak data, similar to the inert Higgs doublet 
models [12]. The modification of the spectrum leads to novel phenomenological properties with 
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respect to the MSSM. It is the aim of this article to discuss these properties as well as the associated 
super symmetry breaking mechanism that may be consistent with such a spectrum. 

The article is organized as follows. In section 2 we review the model. In section 3 we describe 
the Higgs and sparticle spectrum and discuss the contributions to the T-parameter. In section 4 
we describe a possible realization of supersymmetry breaking that leads to a spectrum of third 
generation left-handed sparticles much lighter than the first and second generation ones and discuss 
the collider physics associated with this model. In section 5 we comment on the possible cosmological 
constraints. In section 6 we describe a different possibility, in which the non-standard Higgs bosons 
become light, while the left-handed squarks and sleptons remain heavy. We reserve section 7 for 
our conclusions. 



2 Review of the Model 

A simple way to implement the possibility of an enhanced electroweak D-term is through the 
enlarged weak gauge group SU{2)i x SU{2)2. The two MSSM Higgs bosons and the third generation 
left-handed doublet super-fields are charged under SU{2)i but singlets under SU{2)2, while the 
lighter generations left-handed doublets are singlets under SU{2)i but charged under SU{2)2- A 
bidoublet, S, is introduced which acquires a vev, < S >= ul, breaking the product group to the 
diagonal one, SU{2)w, which is identified with the SM weak group. The effective weak gauge 
coupling is therefore given by 

where gi and g2 are the SU{2)i and SU{2)2 gauge couplings, respectively. For values of gi ^ g2 
the weak coupling is approximately equal to g2. Following Ref [5], the breakdown of the enhanced 
gauge symmetry is governed by the E superpotential 

W = \^s(—~wA, (2) 



^ 2 

where S* is a gauge singlet. This leads to a S potential of the form 

\ 2 73 

V = m|StS + - - (SS + h.c.) + ... (3) 

where B = Xiw"^, m| is a soft supersymmetry breaking mass term and, for simplicity, we have 
considered all parameters to be real. There is also a contribution coming from the D-terms of the 
SU{2)i and SU{2)2 gauge groups to the potential, 

2 2 2 

Ay = ^ fTrpV^S] + H^r^Hu + H^r^Hd + LV^L + QV^q) + ^ (Tr[SV^S] + ...)^ (4) 
8 V / 8 

where are the generators of SU (2) and, for completeness, we have added the extra third generation 
lepton and quark scalars, which were omitted in the analysis of Ref. [5]. 
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For values of -B > m|, the S field acquires a vev along the D-flat direction, < S >= -uJ, with 
u"^ = (S — m|) / . Assuming that B ^ v^, with v the vev of the SM Higgs boson, one can integrate 
out the heavy degrees of freedom and find the result for the enhanced SU{2)w D-terms 

2 2 

AV=^AJ2 {hIt-H^ + Hyn, + lyis + Q^Qs) (5) 

a 

and 

A = S^- (6) 

1 _|_ /™-s 

Therefore, ignoring mixing with the non-standard CP-even Higgs boson, the SM-like Higgs mass is 
enhanced to a value 



'2 = 1 ^g2/\ + ^2 ^Qg2 2^ _^ ;^2^2 gj^2 2^ _^ Iqqp corrections (7) 
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which is the main result of Ref. [5]. For completeness, we added the possible contribution of a 
superpotential term 

Wx = X2S'H^H, (8) 

with 5" a singlet superfield. In our analysis we shall assume that the D-terms give the dominant con- 
tribution to the tree- level Higgs mass. The term A2, however, may have important phenomeno logical 
implications as have been observed in several works, including Refs. [SI [11]. In our phenomenological 
analysis, we will consider the simple case in which A2 = 0. 

Assuming that the value of u is of the order of a few TeV, as required to minimize the non-oblique 
corrections to precision electroweak observables, the authors of Ref. [5J showed that the presence of 
the enhanced D-terms can naturally raise the Higgs mass up to values of about 250 GeV, and for 
large values of the gi coupling at the symmetry breaking scale, ai ~ 1, values as large as 300 GeV 
may be obtained. 



3 Sparticle Spectrum and Phenomenological Implications 

An important aspect of this model that was omitted from Ref. [5] is that the presence of the D-terms 
will also induce additional splitting in the Higgs, squark and slepton masses. In order to understand 
this point, one can write the low energy SU{2) D-term contributions to the effective potential in 
the following way 

\ i / ij 

where $i = L3, Qa, Hi are the SU{2) doublets with non-trivial transformations under SU(2)i 
and (72 is the antisymmetric Pauli matrix. To obtain the spectrum one should concentrate on 
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interactions of the different particles with the Higgs fields. The first term in Eq. (Q leads to a 
positive contribution, g'^Av'^/A to the mass of the third generation squarks and sleptons, where 
= '^'u + '^^d) s-iid Vu,d are the Hu,d vevs. The second term in Vd is the sum of the squares of the 
SU{2) invariant combinations that couple to the corresponding quark and lepton SU{2) singlets in 
the superpotential Yukawa terms. Therefore, it leads to negative contributions, —g'^Avf/2, to the 
squark and slepton doublet component that couples via the Yukawa interaction with the Higgs Hi, 
with i = u,d. 

The sparticles also receives F-term contributions associated with the superpotential 

W = fiH^Ha + KH^QU + h^H^QD + hiH^LE. (10) 

In particular, the third generation squarks receive supersymmetric contributions proportional to 
their super-partner masses, which become particularly important in the case of the top squarks. 
The combination of the F-term and D-term contributions lead to the following splitting between 
the third generation left-handed squark and slepton mass parameters, 

^l,-<r = (11) 

- < = Ad - ml (12) 



and 



Ad = ^A|cos2/3| 



= (Am^)^/|cos2/3| (13) 

where v ~ 174.1 GeV is the SM Higgs boson vev and {Amf^r, = gf^f cos^(2/3)/2 is the enhanced 
D-term contribution to the tree-level Higgs mass and we have ignored all SM quark and lepton 
masses apart from the top quark mass. For moderate to large values of tan/3, tan/3 > 5, which we 
will assume from now on, A^ ~ (Am^)/). 

The case of the non-standard Higgs bosons should be treated separately. The charged Higgs 
and CP-odd states are defined as orthogonal to the corresponding charged and neutral Goldstone 
boson states, namely 

= sm 13 - cos 13 
A = sin P Ad- cos P A^ (14) 

where Hf and Ai are the charged Higgs and CP-odd components of the Higgs field doublets 
{i = u,d), and for we redefine Hu i<72H* which carries the same hypercharge as Hd. 
Similar to the MSSM case, the neutral CP-odd mass is given by 

m\ = ml + 'm\ (15) 

where m\ = mfj + and m"^ = + |yUp, where mjj and m|^^ are the soft supersymmetry 
breaking square mass parameters. The resultant mass splitting is given by 

o^A 

2 2 y ^ 2 

m^± — nij^ = —-—V . [lb) 
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3.1 Contributions to the T-Parameter 



The additional splitting described in the previous section between the masses of the Higgs bosons, 
sleptons and squarks can have important phenomenological implications. For instance, contrary 
to naive expectations, for large values of the D-term contribution to the Higgs mass, the left- 
handed sbottom becomes heavier than the left-handed stops. The exact stop and sbottom spectrum 
depends, however, on the mixing with the right-handed third generation squarks. In this section, 
to simplify the discussion, we will assume those mixings to be small, something that is natural for 
non-degenerate squarks, moderate values of At and non-extreme values of tan f3. 

The splitting between the upper and lower components of the left-handed doublets control their 
contribution to the T parameter. For an SU{2) doublet, with up and down mass eigenvalues m„ 
and rrid, the contribution to the T-parameter is given by 



AT 



N, 



c 



(17) 



where sw is the sine of the standard weak mixing angle ~ 0.2315. 

If the ratio of the heavier doublet mass eigenstate to the lighter one is smaller than about 3, the 
contribution to the T parameter may be approximated by [12] 



127rs^m^ 



Nc (Am: 



ud) 



127rs^m^ {rriu + m^) 



(18) 



where is the number of colors, ^niud and Am^^ are the differences between the masses and the 
squared masses of the heavier and lighter components of the doublet. These contributions should 
be added to the ones associated with the heavy SM-like Higgs boson. 



AT = — i^ln."^'^ 



AS = — In^, (19) 

where rrth^^^ is a Higgs mass reference value. As mentioned above, the up and down sfermion mass 
eigenstates are admixtures of SU{2) doublet and singlet components. In the case of non-negligible 
mixing, the expression for AT, given by Eq. f|T8|) . needs to be reformulated. This turns out to be 
specially important for third generation sfermions. In the case of an SU{2) doublet, taking into 
account mixing angles, the general expression for AT takes the form. 



+ sin^ cos' e,(m„, - m,J^ + cos^ 9^ sin^ ^,(m„, - m,, 
-.2 a „„„2 



\2 



+ COS 6'„cos 6d{mu^-mdJ -sin 6'„ cos Ouirriu^ - niuj 
- sin^ 6'dcos^ Odirrid^ - rrid^Y) , (20) 
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where 9u and 9d are the mixing angles for the up and down component of the SU{2) doublet 
respectively, and 2, m^^ j are the mass eigenvalues. In the case when all masses are of the same 
order or we have zero mixing, the approximation used in Eq. (flSll may be applied. 




AS 



Figure 1: Values of AT necessary to provide a good fit to electroweak precision data, for two values 
of the Higgs mass: rrih = 150 GeV and ruh = 300 GeV. 

We present in Fig.[T]the necessary values of new physics contributions to the S and T parameters, 
to get agreement with precision electroweak observables at the 1 a level. The values used here □ 
include the recent measurements of myy = 80.432 ± 0.039 GeV and = 172.4 ±1.2 GeV, and 
are consistent with the ones obtained in Ref. [9J. The precise values of S and T, however, depend 
on the observables used in the fit (see for example Ref. [13] )• From now on, we will use the values 
displayed in Fig. [1] as our reference values. 

The scalars give only a small contribution to the ^-parameter, hence the ellipses provide us 
with information about the values of AT. As can be seen from Fig. [H for Higgs boson masses in 
the range rrih — 150-300 GeV, the necessary value of AT to provide a good fit to the precision 
electroweak observables is 

AT150 ~ 0.10 ±0.06 

AT300 ^ 0.24 ±0.07 (21) 
^We are thankful to Jens Erler for providing us with the fit used to generate these values. 
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where AT^^ is the extra contribution to the T parameter necessary to provide a good fit to the 
precision electroweak data with a Higgs of mass m/i(GeV). 

Before considering the imphcations for the sparticles and Higgs masses one should stress that the 
enhanced D-term contribution is obtained from a small deviation of the E scalar from the SU{2)w 
singlet M-direction. The triplet vev leads therefore to a contribution to the T parameter 

where Mj- is the triplet mass. For values of u and the triplet mass necessary to significantly enhance 
the tree-level Higgs mass, these contributions prove to be too small to compensate for the negative 
Higgs mass contributions to the T-parameter for rrih < 300 GeV. Furthermore, it is clear from the 
numbers presented in Eq. ( I2T]) and Fig. [H that for SM-like Higgs masses smaller than 150 GeV, 
the need for new physics contributions to the precision measurements, and therefore the constraints 
on the sparticle spectrum, become weaker. From now on, we will hence concentrate on the region 
rrih ^ 150 GeV, although somewhat smaller Higgs masses are still consistent with the presence of 
enhanced weak SU{2) D-terms. 

If sufficiently light, the third generation squark and sleptons, as well as the non-standard Higgs 
bosons can lead to large contributions to the T parameter. The squark contribution is enhanced by 
a color factor, but is suppressed by the cancellation between the D-term and F-term contributions 
to the left-handed sbottom-stop splitting. Moreover, in the simplest soft supersymmetry breaking 
schemes, the squarks become much heavier than the sleptons and, from Eq. (ITSl) their contributions 
to the T-parameter are further suppressed. We shall first assume that the non-standard Higgs boson 
mass is a few times larger than the third generation left-handed slepton masses, something that is 
realized, for instance, in the simple scenario to be discussed in the following section. This means 
that the non-standard Higgs bosons will lead to small contributions to the T-parameter compared 
to the slepton one. 

Considering that only the sleptons contribute to the T parameter, the requirement of restoring 
agreement with precision electroweak observables defines the allowed range of slepton masses. Using 
the values obtained in Fig. [1] for a Higgs mass of 150 GeV, ignoring mixing in the squark and slepton 
sectors and assuming that the Higgs mass receives two-loop contributions from third generation 
squarks with masses of about ~ 1 TeV, this leads, for the lower (upper) required values of the new 
physics contribution to the T parameter, to sneutrino and stau masses: 

~ 150 (30) GeV 
ruf ^ 195 (120) GeV. (23) 

For a Higgs mass of 300 GeV, instead, we get a relatively heavier spectrum 

~ 380 (260) GeV 
ruf ~ 480 (395) GeV. (24) 

The sleptons should then acquire masses of the order of a few hundred GeV, with a relatively large 
mass splitting, which grows for larger Higgs masses and is in the range of a few tens of GeV to more 
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than a 100 GeV. The results are shown in Figs. [21 [3] and |H In Fig. [3] we have also drawn a straight 
line with slope of mh/2. Sneutrinos below the line are potential candidates for Higgs decays. 
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Figure 2: Range of preferred values of the stau mass [GeV] as a function of the Higgs mass [GeV]. 

Furthermore, there exists a lower bound on the sneutrino mass, rrii,^ > 40 GeV, coming from the 
invisible decay width of the Z gauge boson measured at LEP[T3]. This bound, as shown in Fig. |3l 
is almost automatically fulfilled for sneutrino masses in the range selected by precision electroweak 
measurements for > 150 GeV included in the plots. 

4 Phenomenological Properties 
4.1 Higgs Boson Searches 

One of the most important differences of this model with the standard implementation of the 
MSSM is the Higgs mass range, which has an important impact on its searches. For the mass range 
150 GeV < nih < 300 GeV that we are considering in this article, the most important SM-like Higgs 
boson search channels will be its decays into charged and neutral gauge bosons, namely 

H W^W^ 

H ^ Z Z. (25) 
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Figure 3: Range of preferred values of the tau-sneutrino mass [GeV] as a function of the Higgs 
mass [GeV]. Sneutrinos below the black line have masses less than m/i/2 and therefore are potential 
candidates for Higgs decays. 

These searches will become very efficient in the first years of the LHC run [TJ], and therefore 
we expect these kind of models to be probed with the first few fb ~^ of LHC running. Moreover, 
if the Higgs mass is below 190 GeV, then even the Tevatron will be able to probe these models in 
the coming years [15]. Indeed, the Tevatron has already excluded the existence of a SM-like Higgs 
boson with mass between 160 and 170 GeV at the 95% confidence level, and is expected to probe 
the whole range of masses, rrih G [150, 190] GeV, by the end of next year. 

The Higgs boson searches would change if there would be new, supersymmetric decays of the 
Higgs bosons. If we assume that the lightest superpartner of the SM particles is the light tau- 
sneutrino discussed in the last section, there is only a small region of parameters where these 
decays would be open, and only for masses below 190 GeV, that coincides with the range to be 
explored by the Tevatron collider. As can be seen from Fig. [3], for larger values of the Higgs mass, the 
tau-sneutrino is sufficiently heavy as to avoid any Higgs decay into light supersymmetric particles. 

For Higgs boson masses below 190 GeV the sneutrinos may be light enough to allow on-shell 
decays of the Higgs into two sneutrinos. Moreover, the coupling of third generation sneutrinos to 
the Higgs boson is enhanced with respect to the one in the MSSM, due to the enhanced SU{2) 
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Figure 4: Range of preferred values of the stau-sneutrino mass difference [GeV] as a function of 
the Higgs mass [GeV]. 

D-term contribution and is given by 

. -> (^!^±p. (26) 

Due to this enhanced couphng, the Higgs boson may have a significant decay branching ratio into 
hght sneutrinos, therefore avoiding the Tevatron bounds. More quantitatively, assuming masses 
above the 2 niw threshold, the decay width for decays into two vector bosons is given by 



Tih ^ VV) . ^-(1^;' + ^)-^- f 1 _ 1< + i^Ui _ '^Y' (27) 
V21Q7T \ ml ml J \ ml ' 

where Gp is the Fermi constant, Qv is the charge of the massive gauge boson, V = W^, Z, and 
My is its mass. For the decay into sneutrinos, instead, the result is 



r(/,-.,..)^ "^^^;-; ii-^l"'. (28) 



{g'^A + g^y v'^ f ^m 



For instance, for a Higgs mass m^ — 165 GeV and a sneutrino mass of about 70 GeV, the 
branching ratio of the Higgs into a pair of gauge bosons is reduced to less than half of its SM 
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value, avoiding the current Tevatron bound. Somewhat smaller or larger values of the sneutrino 
masses, within the range consistent with precision measurements and smaller than a half of the 
Higgs mass, lead to more or less restrictive Tevatron bounds on this model, respectively. 

4.2 Supersymmetric Particle Spectrum 

In this section, we will work in the moderate tan/5 limit, which for universal scalar masses, tend 
to lead to heavy non-standard Higgs bosons and is therefore close to the so-called decoupling limit 
in the Higgs sector. In the foregoing discussion we assumed that the mixing of left-handed and 
right-handed third generation sleptons is small. Wether the lightest stau is mostly left-handed or 
right-handed depends on the supersymmetry breaking mechanism. We will assume that fi is mostly 
left-handed while f2 is mostly right-handed, and present a mechanism that realizes this possibility 
below. 

The tree-level third generation Yukawa couplings are given by 

ht = —F^ 5 i^h = —1= , itr = —1= ■ (29) 

v2mvysin/3 v2miy cos/5 y 2m cos /3 

As is well known, hj, and hr can become comparable to ht in the large tan j3 regime. As previously 
mentioned, we are interested in the moderate tan f3 limit and therefore only the top quark Yukawa 
will be of importance. In the examples found later in the text, we take the reference value of 
tan/? = 10. 

We shall assume that Yukawa couplings for the first and second generation quarks and leptons 
are generated by adding a massive Higgs-like pair of doublets which transform under SU{2)2, as 
was suggested in [5], and work with this minimal spectrum. With this minimal spectrum, the jSi 
function coefficients are given by 

36 

&y = y, &22 = 1, 621 = -1 &3 = -3, (30) 

where 622 and 621 correspond to the SU {2)2 and SU {2)i gauge groups, while by and 63 correspond 
to the hypercharge and strong interactions, respectively. The above values should be compared to 
the MSSM case: 

33 

6y = -, 52 = 1, &3 = -3. (31) 

5 

This will generally upset unification of couplings [16j. Let us stress, however, that for the chosen 
low energy values of these couplings, the SU (2)2 coupling 0^2 becomes close to ay and as at scales 
of about the standard grand unification scale, Mqut ~ 2 x 10^^ GeV. 

The modified (3 function coefficients also have consequences for the soft supersymmetry breaking 
parameters. For instance, assuming a common value for the gaugino mass, M1/2, at the messenger 
scale, the running of the Bino mass is modified, making the lightest neutralino lighter than in 
the MSSM for the same value of Mi/2. Regarding the third generation masses, if we assume a 
common gaugino mass, they will be pushed to large values driven by the strong SU {2)i gaugino 
effects. Therefore, for the third generation sleptons to remain light, we need a mechanism of SUSY 
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breaking that keeps the third generation soft scalar masses small at low energies while the strong 
SU{2)i coupling gi runs to large values. 

We can accomplish this with a model where SUSY breaking is transmitted to the visible sector 
via only the SU{3)c x SU{2)2 x U{1)y gauginos. The SU{2)i gauge sector then does not contribute 
to the running of soft third generation masses. For simplicity, the input parameters for the model 
are: tan/3; a universal gaugino mass M1/2 for the SU{3)c, SU{2)2 and f/(l)y gauginos; a universal 
scalar mass uiq for all squarks and sleptons; soft-supersymmetry breaking parameters mu^ and 
for the two Higgs bosons which interact under SU {2)i] and we assume positive sign(/i) and 
At = Ai, = Ar = Q aX the messenger scale M which is of the order of Mqut- The SU {2)i gaugino 
remains massless, but acquires a mass of order giu, together with the SU {2)i gauge bosons, after 
the breakdown of SU{2)i x SU{2)2 SU{2)w. 

Lets take a look at the one-loop renormalization group equations (RGE) for the left- and right- 
handed soft stau masses at energy scales larger than the gauge symmetry breaking scale SU {2)i x 
SU{2)2 ^ SU{2)w, 



levr^-mi^ = --gl\My\^ ~ -glS (32) 
d ^ 24 o , , , ,0 6 



levr^-m^^ = --gl\MY\'' + -glS (33) 
where S is given by, 

S = Tr[Yim5j = m^ ^ - m^^ + Tr[m^ - m^ - 2ml + K + m?]- (34) 

In Eqs.( !32l) and ( !33l) we have neglected the terms proportional to the r- Yukawa coupling, which 
remain small unless tan /3 is very large and, as stressed above, we have assumed that our symmetry 
breaking scheme is SU {2)i blind. Furthermore we take mn^ = f^iH^ and since we have chosen a 
universal scalar mass mg at high energy, this implies that S vanishes and does not run with energy. 
Therefore, given that the U{1)y charges for left-handed sleptons are smaller than the f/(l)y charges 
of the right-handed sleptons, this naturally leads to the left-handed stau soft masses being smaller 
than the right-handed ones, as can be seen from Eqs. (l32l) and (1331) . This is in contrast to what 
happens in the MSSM [171 [TBI [19] , where the non- universal requirement ~^Hu > is necessary 
to obtain smaller left-handed masses for the third generation sleptons. In the case of soft gaugino 
masses, their one-loop RGE take the form, 

IQ^'jM^ = g^ Mf (35) 

where, as stressed above, up to the SU{2)i x SU{2)2 breaking scale bi = (36/5, —1, 1, —3) for the 
U{1)y, SU{2)i, SU{2)2 and SU{'i)c gauge groups, and after the breakdown of SU{2)i x SU{2)2 
SU{2)w, we get the standard MSSM resuh, h = (33/5, 1, -3). 

The solution of the RG equations show that the soft supersymmetry breaking parameters rnj^^ 
and rrif^ are approximately given by 

ml^ ~ + 0.04 M^^, m^^ ~ + 0.15 M,%, (36) 
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while the low energy Bino and Wino masses are given by 

My ~ 0.35 Ml/2, M2 ~ 0.8 Mfi^^. (37) 

The requirement of getting the appropriate stau and tau-sneutrino masses for a given value of the 
Higgs mass and tan/3 defines the allowed parameter space in the mo-Mi/2 plane. In particular, 
looking at Eq. (|T8l) and (|36l) . we notice that for a fixed Higgs mass and in the absence of stau mixing 
there is an ellipsoidal area in the Mij2-Tno plane where our spectrum fits electroweak precision data 
at a 68 % confidence level. In Fig. [5] we plot this correlation for several Higgs masses neglecting 
the stau mixing. For large values of there is a lower bound of M1/2 ^ 130 GeV coming from 
the LEP bound on chargino masses [20]. We see that the preferred region of parameter space is 
relatively thin and moves to higher soft masses as the Higgs mass increases, roughly maintaining its 
thickness. The red (medium light gray), blue (dark gray) and purple (medium dark gray) regions 
in the figure have the additional constraint of a NLSP, whereas in the green (light gray) region 
< mj>^. The blue and purple regions instead, have the constraint that the bino is heavier than 
the stau, < mj^p. Finally, in the blue region the stau dominant decay mode is into an on-shell 
and a tau-sneutrino; this does not happen in the purple region, where it decays off-shell to 
and a tau-sneutrino and also into an off-shell Bino and a r lepton. We can see from the figure 
that, as expected, the region where Vr is the NLSP becomes more prominent for smaller values of 
mo. Furthermore, for larger values of the Higgs mass, the mass difference between the stau and 
the tau-sneutrino is sufficiently large to allow on-shell decays into a sneutrino and a charged gauge 
boson in most of the parameter space. We will assume in this work, as is natural if the messenger 
scale is somewhat smaller than the GUT scale, that the LSP is the gravitino and, as can be seen 
in Fig. [5] appropriate boundary conditions at high energy can be chosen such that the NLSP is 
the lightest tau sneutrino, z/^. This should be compared with, for instance, the standard low scale 
gaugino mediated scenario, in which the right-handed staus are naturally the NLSP ^2ll [221 123] . 

Due to our mechanism of SUSY breaking and the new big D-term contributions to third genera- 
tion sleptons, there is a lower bound on the soft scalar universal mass coming from the requirement 
of the sneutrino to be in the right mass range to lead to agreement with precision electroweak ob- 
servables. This can be seen in Fig. [5l where for example, for a Higgs mass mh — 150 GeV, mo ^ 40 
GeV for M1/2 = 500 GeV to fulfill this requirement. 

In the case of a universal gaugino mass, M1/2, at high energy, we naturally obtain that the 
lightest neutralino, Xi? is mostly bino-like, while the second lightest neutralino, X25 is mostly wino- 
like. This implies that right-handed squarks mostly decay to q x?- From Fig. [3, depending on 
the initial masses, mo and M1/2, we see that we can have either m^^ < m^o or m-j^o < m^^ for 
a small scalar mass mo and a moderate gaugino mass M1/2, once we take into account the D- 
term corrections. We also expect the left-handed first and second family squarks and sleptons to 
be heavier than the lightest neutralino since their masses run with S'f/(3)c and SU {2)2 couplings 
respectively. With these considerations in mind, for a light sneutrino NLSP, we infer the following 
possible mass spectra: 

rriQ < mi)^ < nir^ < m^o < m^o,m-± < m^j , m^-^ , m^-^ . . . (38) 
niQ < mc,^ < m^o < ruf^ < m^o,m-± < nif 2, 7711^,1711^... (39) 
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Correlation of soft scalar mass with universal soft gaugino mass for m/, 

150GeVforTan^=10 



Correlation of soft scalar mass with universal soft gaugino mass for 

200GeVforTanS=10 
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Correlation of soft scalar mass with universal soft gaugino mass for in/, 

250GeVlbrTan^=10 



mu(GeV) 




Correlation of soft scalar mass with universal soft gaugino mass for 

300GeVforTanS=10 
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Figure 5: Correlation of mo and M1/2 for different Higgs masses and tan/3 = 10. Red represents the 
region wfiere Ur is the NLSP and > my.g, blue and purple are the regions where 9^ is the NLSP 
and m^^Q > nif-^ and staus decay predominantly to on shell Ws and tau sneutrinos (blue region) or 
to off-shell Ws and sneutrinos or off-shell binos and taus (purple region). Green is the region where 
Xo is the NLSP. 
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which are reahzed in Tables [H [2] and [31 

In order to calculate the particle spectrum at low energies for some sample points at high 
energies and to calculate the main decays we used SDECAY [24]. SDECAY works mainly within 
the MSSM and thus we had to slightly modify the RGE used in the program to make it suitable 
for our model. From the RG running we expect modifications to the spectrum at high energies. 
Furthermore SDECAY only calculates two body decays of sparticles. To understand the behavior at 
low energies, let us write the tree level stau mass matrix, taking into account the non-zero trilinear 
terms and the left-right mixing. 



2_ f ml + Al:, - ^{A - l)v'^ cos2(3 m^(A^ - /itan/5) 



■mr{Ar — fj, tan /3) m? + Aes 



(40) 



where m^g and m^^ are the third generation left- and right-handed slepton soft breaking masses 
respectively, A^g = (—1/2 + sin^6'u,) cos 2/5 m| and Aeg = sin^ cos 2/? m|. We can see that the 
mass eigenstates will have an admixture of left- and right-handed components, mainly due to the 
mixing caused by the /i term in Eq. (HO!) . However, for tan/? ~ 10, due to the smallness of the r 
mass, we expect this admixture to be small. Similarly, the tau sneutrino modified mass is given by, 

mj^ = ml^ + Ai^^ + ^(A - 1)^;^ cos 2/5 (41) 

where A^^ = cos 2/? m|/2. 

Furthermore, minimizing the tree level Higgs potential we find the following expression for /x, 

where = {gf + (7|A)t>^/2, and likewise the tree-level Higgs masses are given by, 

1 



"^ho = 2 ( "^^ ~ V ~ "^^''^ Am\m\ sin 2(3 ] , (44) 



^ ^m^ + m\ + sj {m\ - m\Y + Am\m\ sin 2/?^ , (45) 

m]j+ = m\ + YAt;^ (46) 
Observe that for A = 1, the above expressions reduce to the well known MSSM ones. 



4.3 Collider Signatures 

The particle spectrum and the most important branching ratios for some sample points are presented 
in Tables [H [2] and m Table [1] presents a case of sneutrinos which are light enough to allow the decay 
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of a Higgs into two on-shell tau-sneutrinos. Similar to the example discussed in the previous section, 
the Higgs decay branching ratio into a pair of VT^'s is reduced to a value that is less than half of 
the SM result, therefore avoiding the current Tevatron bounds. 

As can be seen from Table [2] and [3], two body decays, — > W^Vr, tend to be kinematically 
allowed and thus may be an important decay modes for the light staus. Therefore, we expect 
relatively hard leptons and/or jets plus missing energy to be the an important signature from fi 
decays. This is very different from regular gaugino mediated SUSY breaking scenarios in the MSSM 
where the lightest stau tends to decay into r's and gravitinos, and the heaviest stau, since the mass 
difference, ruf — rriy^ is small, tends to decay into an on-shell r and a Bino. Indeed, the small 
sneutrino-stau mass difference allows only 3-body decays, which through an off-shell W , leads to 
soft fermions: //' plus missing energy [18] . 



Sparticle 


Mass[GeV] 


Dominant decay modes 


9 ^ 


1146 


qlQ (18)%, qnq (36)%, 61,26 (23) %, ht (23) % 


ULjdL 


1047, 1050 


Xlq (32) %, xfq' (64) % 




1010,1007 


x?g (99) % 


h 


804 


Xtb (34) %, x?t (27) %, x^t (14) % 


H+ 


724 




A 


708 




xl 


644 


xfW^ (54) %, x^h (17) % 


xt 


644 


XIW^ (28) %, xtZ (26) %, xth (18) % 


xt 


630 


xfW^ (57) %, x^Z (25) % 


xt 


385 


Dri^r (48) %, f±rT (41) % 


xt 


385 


UrT^ (50) %, f^Ur (38) % 


Cl 


346 


X?e (100) % 




337 


X>e (100) % 


en 


209 


X?e (100) % 




218 


X?r (72) %, i),W (27) % 


x\ 


178 


z>,z/, (83) %, f±rT (17)% 


h 


140 






73 





Table 1: Spectrum and branching ratios for M1/2 = 500 GeV, tan/5 = 10, = = lO^GeV^, 
mo = 90 GeV, A = 3.57 and nih = 169 GeV. Since the first and second generations are almost 
degenerate, we only give results for the first and third sfermion generations. 

Among the major differences with the case of non-universal Higgs masses (NUHM) [17j [IB], [12] 
is that the masses of the first two generation families run with SU {2)2 making left-handed sleptons 
and squarks heavier than right handed ones, whereas in the NUHM case, for all generations, since 
5* is positive, it tends to make left-handed sleptons of all families relatively light. This is important 
since it affects the decay of the charginos and the second lightest neutralinos, which, contrary to the 



16 



Sparticle 


Mass[GcV] 


Dominant decay modes 


a 


1564 


QrQ (16 2)% Qua (31 4)% h^ oh (20) % Ut (24) % 


Ur , dj 


1428, 1429 


ySq (32) %, vfa' ( 64 % 


UR,dR 


1374,1368 


X\q (99) % 


ii 


1112 


(19) %, x2t (25) %, x^t (17) %, & (23) % 


H+ 


967 




A 


946 




xl 


864 


Xf (56) %, x^/i (19) % 


xt 


864 


X°iy± (28) %, (28) %, xth (20) % 


xl 


852 


X^W^^f (56) %, x^Z (26) % 


xH 


551 


(47) %, fi^r^ (39) % 


xf 


551 


z>^T± (49) %, fi±z/, (37) % 


Cl 


486 


X?e (100) % 




480 


xVe (100) % 


eR 


300 


X?e (100) % 




303 


X$r (72) %, z>,H^ (28) % 


x\ 


249 


z^^i^r (90) %, f±rT(10) % 




217 


z>^iy (100) % 




132 





Table 2: Spectrum and branching ratios for M1/2 = 700 GeV, tan (3 = 10, m]j^ = m|j^ = lO^GeV^, 
mo = 150 GeV, A = 6.13 and ruh = 210 GeV. Since the first and second generations are almost 
degenerate, we only give results for the first and third sfermion generations. 
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Sparticle 


Mass[GeV] 


Dominant decay modes 


n 

y 


82Q 


doa (42)% h, oh (16) % f,f (42) % 

HRH {^■^J'^i '-'1,2"-' \^'^J 't>, I'll' {^■^J /O 


11 T 


\D\Jkj 


■vtn' (4f\)% v9rj C23'l % -vtn' (^F>) % 




8'i7 


X2 y W-'-J /o, i^zoj /o 




1 OKJ^ t O t 




H+ 


620 




A 


588 




ii 


539 


Xtb (79) %, xSt (20) % 


xl 


580 


H^^ (27) %, fi±r^ (22) %, u^i^r (30) % 


xt 


580 


XIW^ (13) %, xf ^ (28) %, xtW^ (10) %, f>,T± (28) %, ftv, (24) % 


xl 


400 


XIZ (88) % 


xl 


387 


fs^r^ (14) %, ff (54) % 


xf 


378 


i>^T± (41) %, x?M/± (47) % 


Cl 


495 


X?e (65) %, x^e (20) %, x^e (20) %, xf (14) % 




489 


xVe (80) %, xf (18) % 


eR 


302 


X?e (100) % 




299 


xSr (94) % 


X? 


249 


t>^z/, (99) % 




242 


z>^l^ (100) % 




163 





Table 3: Spectrum and branching ratios for My = M2 — 700 GeV and M3 = 350 GeV at the 
messenger scale, tan/3 = 10, rn\^ = m'jj = 1 x lO'^GeV^, uiq = 150 GeV, A = 6.13 and rrih = 208 
GeV. Since the first and second generations are almost degenerate, we only give results for the first 
and third sfermion generations. 
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Figure 6: Examples of typical squark decays. 
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NUHM, now decay predominantly into only third generation sleptons. The consequence is events 
with T leptons in the final state, without a counterpart of similar events with electrons or muons. 

In the case of first and second generation squarks, seen in Tables [T] and O as happens in the 
MSSM, the right-handed squarks are still the lightest ones. This leads, in the case of heavy gluinos, 
to smaller branching ratio of gluinos into left-handed squarks than right-handed ones. This, in 
turn, implies a bigger production of binos which tend to decay more prominently into the sneutrino 
NLSP. Since the bino decay products are invisible particles, the corresponding collider signatures 
resemble those of the standard bino LSP scenarios. This is partially compensated by the lighter 
third generation squarks, which tend to decay into charginos and second lightest neutralinos, which, 
in turn decay into third generation sleptons. Moreover, as seen in Fig. [5], there are large regions 
of parameter space where m^i > m^^, giving a non- negligible decay branching ratio of binos into 
lighter staus which later decay into either on-shell or off-shell W^s. This is particularly true for 
larger values of the Higgs mass. Examples of typical decay cascades expected at the LHC or the 
Tevatron are given in Fig. O For these, we find, using Table [21 that the total branching ratios are 
10 %, 12 % and 31%, respectively. In the case that the decays start with a gluino, after considering 
the extra jet, the latter branching ratios become 3.14 x 10^^, 1.94 x 10^^ and 5 x 10~^, respectively. 

The existence of a heavy Higgs can lead to very interesting events, with many ly^'s and bottom 
quarks in the final state. This feature can be seen in Table [2] where a potential channel for Higgs 
production in supersymmetric particle decays arises. This channel is given by the decay chain 
g ^ tit ^ xtbt xfhbt. In the last stage of the decay chain we can have xt decaying either 
directly to the NLSP, z/t-t, about half the time or to fiUr about 37 % of the time, the latter case 
being more phenomenologically interesting since fi Wvr produces on-shell VT^'s. Therefore, we 
can have the following final states g hbWbuT-T and g hhWhVrWi'T- with gluino decay branching 
ratios of 5.4 x 10~^ or 4.3 x 10"'^, respectively. Each gluino therefore may decay into a maximum 
of 2 bottom quarks and 4 states, plus missing energy. A pair of should reconstruct the 
Higgs mass, while the invariant mass of one of the bottom quarks and one of the ly^'s should be 
equal to the top quark mass. 

One can also consider the possibility of searching for the heavy non-standard Higgs bosons, via 
their decay into SM-like Higgs bosons. This was analyzed in Ref. |25] in a similar supersymmet- 
ric model, in which the heavy Higgs boson masses are induced by a large coupling to a singlet 
field This search may be possible, provided the non-standard Higgs decays into bottom and 

tau pairs and/or the sneutrino decay branching ratio of standard and non-standard Higgs bosons 
does not become too-large, and is therefore more efficient for smaller values of tan/3 and/or larger 
sneutrino masses. 

Table [3] represents the case of a more compressed spectrum, obtained by reducing the gluino 
mass with respect to the Bino and Wino masses at the messenger scale [22]. This leads to the 
presence of relatively light stops, radically changing the phenomenology, since now a large fraction 
of the gluinos can decay into light stops and right-handed squarks and negligibly into left-handed 
squarks. In addition, the lightest stau becomes heavier than the second lightest neutralino and 
lightest chargino, which are Higgsino-like and couple strongly to the third generation squarks. This 
has the consequence of making most decays end in either x\ without passing through fi. 

Observe that when searching for stops at the LHC, the main decays of ti in this sample point are 
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70% into a bottom quarks and a W gauge boson (including 20% into an on-shell top quarks) and 
missing energy and 30% into a tau lepton, a bottom quark and missing energy. 

If we want to be in the region of parameter space where the tau sneutrino is the NLSP, from 
Fig. [5] and Tables [H, [2] and [3l we see that the weak gauginos usually tend to be heavier than sleptons 
in the low energy theory. Therefore in the case of universal gaugino masses, we predict that the 
first and second generation sleptons will mainly decay into the lightest neutralino, that may be 
important for the associated direct production phenomenology at either lepton or hadron colliders. 
Observe that in Table [3] due to the smallness of M3, the n parameter is suppressed compared to the 
universal gaugino case. Therefore, as mentioned above, the lightest chargino as well as the second 
and third lightest neutralino are mainly Higgsino-like. 

We would like to conclude this subsection by considering the effects of sfermion mixing in 
electroweak precision data. One of the consequences of mixing is to lower the mass of the lightest 
eigenstate with respect to the un-mixed state. Therefore, the analysis presented in Fig. [5] of the 
regions of parameter space of consistent AT, slightly underestimates the region where the lightest 
f is lighter than the Bino. In the specific examples analyzed using SDECAY, given in Tables [H [2] 
and [3l we confirmed that the mixing does not change the general results obtained in the case of 
zero mixing. We calculated the contributions to AT coming from the mass splitting in staus, third 
generation squarks and the charged Higgs sector. These contributions are shown in Table HI where 



ruh [GeV] 


mo [GeV] 


Ml/2 [GeV] 


AT^ 




AT^+ 


ATtot 


169 


90 


500 


1.5 X 10^^ 


8.7 X 10-* 


7.8 X 10-* 


1.56 X 10-^ 


210 


150 


700 


1.9 X IQ-^ 


2.6 X 10-3 


8 X 10-3 


2.03 X 10-1 


210 


150 


(700,350) 


1.5 X 10-^ 


2.4 X 10-2 


1.9 X 10-2 


1.98 X 10-1 



Table 4: Complete AT calculation for particular points in parameter space, which lie in the 68 % 
confidence level ellipse in AS-AT plane. 

we see that the results lie in the 68 % confidence level ellipses in the AS-AT plane discussed in 
Fig. [H and where in the third entry for the third sample point we mean My = M2 = 700 GeV and 
M3 = 350 GeV at the messenger scale. Observe that in this last case, the third generation squarks 
give a relatively large contribution to the T parameter. 

5 Cosmological Constraints 

Within the supersymmetry breaking scheme described in the last section, the tau-sneutrino is 
naturally the lightest SM superpartner. However, as stressed before, if the messenger scale is smaller 
than the standard GUT scale, the lightest supersymmetric particle tends to be the gravitino. There 
could be potentially constraints to this scenario specifically from the observed Dark Matter (DM) 
density and from the decays of the sneutrino or bino NLSP. First of all let us mention that in the 
case of a long lived neutralino NLSP, obtained for a large messenger scale of the order of Mqut, the 
constraints coming from its late decay into a photon and a gravitino are strong enough to exclude 
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all parameter space [27]. However, if the lightest neutralino is the LSP and not the gravitino, this 
scenario could survive and give the correct DM relic density via co-annihilation of the LSP with a 
light sneutrino as discussed in [29]. 

In the case of the sneutrino NLSP, the dominant decay channel is, 



with a decay rate given by, 



r.-, 



m,- 



487rM|,m| 




(47) 



(48) 



From this expression we can estimate the lifetime of the NLSP as a function of the sneutrino and the 
gravitino masses. If the gravitino mass is in the region [1, 100] GeV, as it is if the messenger scale 
is of the order of the standard GUT scale, the lifetime of the NLSP makes it potentially dangerous 
for BBN for NLSP masses ~ [45,400] GeV, the latter range being the sneutrino masses of interest. 
Dependence of the sneutrino lifetime on the gravitino mass can be seen in Fig. [71 Assuming a 
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Figure 7: Lifetime of Vr (sec) as a function of rrii,^ (GeV). The blue and red curves correspond to 
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40 GeV and = 1 GeV, respectively 



gravitino LSP, its relic density is related to the sneutrino NLSP density prior to decay by. 



m,-. 



"G 



(49) 



Given a sneutrino mass and assuming thermal equilibrium, its freeze-out temperature is roughly 
T ~ m,>^/25. The relevant annihilation channels have already been calculated in detail in the 
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literature, (see for instance, Ref. [H]), the most important being Z-mediated s-channel annihilation 
to fermions. After a simple calculation, one obtains, for a tau sneutrino mass of about a few 
hundred GeV, a thermal rehc density, VL^^h"^ ~ (9(10~^). 

Since we are interested in the case uiq < irii,^^ we see from Eq. (1491) and from the sneutrino relic 
density that in order to obtain a gravitino DM relic density in accordance with experiments, we must 
rely on either thermal or non-thermal production of gravitinos at the reheating epoch. Gravitinos 
are produced in the primordial plasma right after reheating from scattering processes of the type, 
X + y ^ if) + z where x, y and z are relevant particles and if) is the gravitino. The longitudinal 
component of the gravitino is related to the goldstino, whose interaction with other particles is 
proportional to (m^Mp)"^. Hence, for masses ttlq > 100 keV, gravitinos are not thermalized with 
the rest of the plasma. 

Assuming scattering processes to be the main source of gravitino production, we can estimate, 
for a given gravitino mass, an upper bound on the reheating temperature so that gravitinos are the 
main component of DM. This was done in Ref. [3U'|, where solving the Boltzmann Equation using a 
thermally averaged cross-section for scattering mainly off of gluinos and squarks, it was found that. 

Taking into account that the gluinos are usually heavy, in Fig. [H] we plotted the bound on the 
reheating temperature as a function of the gravitino mass, assuming that the latter saturates the 
DM component of the energy density in the Universe. 
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Figure 8: Reheating temperature, T^ehi as a function of the gravitino mass, uIq. The red and blue 
curves correspond to a soft gluino mass M3 = 500, 1000 GeV respectively. 
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If the sneutrino decays during or after BBN, it could alter the predictions for the light-element 
abundances. This is due mainly to two effects. On one hand, if the mass difference between the 
sneutrino and gravitino is sufficiently large, the sneutrino decay produces high energy non-thermal 
neutrinos which, through scattering processes with background particles, transfer part of their 
energy to them. Some of the processes to consider are Vr + T^i,BG (e^,/i^T^), Vr + T^i,BG 
7r+ + TT^. On the other hand, subdominant multi-body (bigger than two) sneutrino decays into 
charged and/or strongly interacting particles can also contribute significantly, despite having small 
branching rations. Hadronic constraints, coming from processes such as, 

Vr Gu^qq, z>T- Gut-Z, GrW, (51) 

with W and Z decaying into jets, turn out to be much stronger than electromagnetic constraints, 
coming from processes such as, 

i>r Gurll, i>r ^ Gz/^Z, ^ GtW, (52) 

with W and Z decaying leptonically. The most stringent constraint comes from the overproduction 
of D and ®Li produced in hadron showers induced by four-body decays [31] . 

There is also a potential constraint coming from the Cosmic Microwave Background (CMB). 
For early decays, EM cascades are thermalized completely by Compton scattering, double Compton 
scattering and bremsstrahlung and no spectral distortion of the CMB takes place. However for 
late decays, the spectrum cannot relax to thermodynamic equilibrium, resulting in a Bose-Einstein 
distribution with a non- vanishing chemical potential, ^pot- The current constraint from experiments 
is fipot < 9 X 10~^. This constraint turns out to be negligible in the case of a sneutrino NLSP with 
a gravitino LSP, as was shown in |32j . 

All of these effects have been studied in Refs. [31] and [32] where, assuming a thermal relic 
density for the sneutrino NLSP, it was found that for a gravitino with a mass tuq > 10 GeV, 
Am = mj>^ — rriQ < 290 GeV and for ttiq < 10 GeV, there is no constraint on Am. As mentioned 
above, the biggest constraint comes from hadron showers affecting D and ^Li BBN predictions. 
Therefore, since in our model m^;^ < 300 GeV (380 GeV) for mh < 270 GeV {rrih < 300 GeV) (see 
Fig. [3]) and we work with gravitino masses 1 GeV < mg < 100 GeV, we conclude that it is only for 
the larger Higgs masses that our parameter space gets slightly truncated by cosmological constraints. 
Therefore most of our parameter space of interest safely passes all cosmological constraints. 

6 Model with Non- vanishing SU {2)i Gaugino Masses 

Throughout this article, we have assumed that the SU {2)i gaugino masses vanish at the messenger 
scale and therefore left handed third generation soft SUSY breaking slepton and squark masses as 
well as soft SUSY Higgs masses do not run under the gauge group SU {2)i. Hence, the corresponding 
particles are not driven to large values via the SU {2)i gaugino corrections. In particular third 
generation sleptons remain light as a consequence of the transmission of SUSY breaking mechanism 
via only SU{3)c x SU {2)2 x f/(l)y gaugino masses. 
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We also saw how the doublet spectrum is split by SU{2)i D-terms in the effective low energy 
theory. This provides a compensating contribution to the T-parameter that cancels the logarithmic 
contribution coming from a large Higgs mass. Which particle provides the cancellation to the 
standard Higgs contribution to AT is a model dependent question that has important consequences 
on the supersymmetric particle spectrum. In most of this work, we have assumed third generation 
sleptons to be light with respect to the third generation squarks and non-standard Higgs doublet, 
and therefore to also provide the main contribution to this cancellation. That the lightest doublet 
under SU {2)i is the main contributor to AT is easy to understand from looking at Eq. ffTSl) . the 
squared mass difference is independent of the soft masses and thus AT is inversely proportional to 
the sparticle masses. 

If we drop our assumption that the third generation sleptons, squarks and Higgs soft masses 
do not run under SU {2)i, then their masses are pushed in an analogous fashion to larger values 
at low energies by the strong gi coupling. For both third generation squarks and sleptons there 
are small Yukawa effects that lower their respective masses, but do not compensate the strong 
SU{2)i and SU{3)c gaugino contributions. Therefore, we conclude that in the case of SU{3)c x 
SU{2)i X SU{2)2 X Uy gaugino SUSY breaking mediation, it will be mostly up to the non-standard 
Higgs doublet to provide the main contribution to AT. Although we will not make a detailed 
phenomenological analysis, we will present the most important phenomenological properties. 

Let us analyze this case in slightly more depth. According to Eq. ( I43l) . the CP-odd Higgs mass 
depends only on the difference of the soft supersymmetry breaking parameters of the Higgs doublets 
fTi'^Hud' Therefore, for universal soft scalar masses, the CP-odd and charged Higgs become light in 
the large tan/3 limit [33], when the top and bottom Yukawa couplings affecting the Higgs mass 
parameters become of the same order. Moreover, since now we have the contributions from SU{2)i 
gauginos to the sparticle RGEs, right-handed sfermions will tend to be lighter than left-handed ones. 
In particular, due to the enhancement of the third generation slepton and Higgs mass parameters, 
the right-handed stau will be affected by large tau- Yukawa effects, pushing it to small values. Thus, 
the phenomenology will be similar to the light stau NLSP in gaugino mediation models. An example 
of the low energy spectrum arising from this kind of models is presented in Table El Note that large 
values of tan/3 and the SU {2)i gaugino mass. Mi, may lead to dangerously small values of the 
right-handed stau mass due to the negative Yukawa corrections induced by the heavy left-handed 
sleptons. This is the main reason why the value of Mi in the example of Table [5] was chosen to be 
smaller than the rest of the gaugino masses. 

Contrary to what happens in the case of vanishing SU {2)i gaugino masses, the light CP-odd 
scalars demanded in this scenario are restricted by direct searches at the Tevatron collider and by 
flavor constraints (see for example Ref. [33]). For instance, for values of tan/? ~ 50, a light CP-odd 
Higgs with a mass below 170 GeV is strongly constrained by current Tevatron bounds [35]. This 
restricts an important region of the parameter space corresponding to rrih < 180 GeV as can be 
observed from Fig. [3] by substituting the sneutrino mass by the CP-odd Higgs mass. All Tevatron 
bounds may be avoided for SM-like Higgs boson masses above 190 GeV, for which heavier CP-odd 
Higgs bosons may still give a relevant AT contribution. Future searches at the Tevatron will probe 
the existence of CP-odd Higgs bosons with masses up to 250 GeV for this range of values of tan/?. 
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and will lead to further tests of this scenario. Observe also that the flavor constraints coming from 
the rare decays, — > ru and b — > 57, will be modified with respect to the MSSM case, due to the 
larger mass difference between the charged and CP-odd Higgs bosons. An analysis of this question, 
although very interesting, is beyond the scope of the present article. 

Cosmological constraints on this scenario arise in the case of a stau NLSP with a gravitino LSP 
dark matter. These are related to BBN constraints in the case of gravitino masses bigger than 100 
KeV and to over-closure of the Universe and / or large scale structure formation for smaller masses H. 
For messenger scales of the order of Mquti however, the gravitino can be heavy enough so that 
the neutralino may be the lightest supersymmetric particle, leading to the same cosmological and 
phenomenological properties as the MSSM in the stau-neutralino co-annihilation region. Although 
we will not explore this question in more detail, the specific example of Table [5] shows a possibility in 
which the stau and neutralino are in a range of masses such that efficient co-annihilation may take 
place. Small variations of mo may lead to the precise value of the stau-neutralino mass difference 
necessary to obtain the proper relic density without affecting the required non-standard Higgs 
spectrum. 



ruh [GeV] 


ruA [GeV] 


mH+ [GeV] 


rrirn [GeV] 


mf^ [GeV] 


m^o [GeV] 


11 [GeV] 




200 


176 


255 


293 


1020 


275 


321 


0.12 



Table 5: Partial spectrum for tan/3 = 48, mo = 360 GeV, m]j^ = mj^^ = (200GeV)2, My = M2 = 
M3 = 700 GeV and Mi = 400 GeV at the messenger scale. 



7 Conclusions 

In this article we have analyzed the phenomenological and cosmological properties of the MSSM with 
enhanced SU (2) D-terms. Due to the splitting introduced in the third generation sfermion and non- 
standard Higgs boson masses, we were able to raise the Higgs mass up to about 300 GeV without 
being in conflict with precision electroweak tests. We worked out a particular supersymmetry 
breaking scenario that leads to the presence of light third generation sleptons, which provide the 
necessary positive contribution to the T parameter to compensate for the negative one induced by 
the heavy Higgs boson. Assuming universal soft supersymmetry breaking gaugino, sfermion and 
Higgs masses at the messenger scale, this supersymmetry breaking scenario leads to the presence of 
heavy squarks and non-standard Higgs bosons. The slepton spectrum is therefore determined from 
the requirement of reestablishing agreement with precision electroweak data. 

We studied the corresponding collider signatures, which, similar to what happens in the light 
stau scenario in the MSSM, is characterized by the presence of many tau's and copious missing 
energy in the flnal states. For larger values of the Higgs mass, the mass difference between the 

^If very specific conditions are fulfilled, however, stau NLSP scenarios may survive and even serve to solve the 
so-called Lithium problem of Big Bang Nucleosynthesis [27l [28] . 
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charged stau and the sneutrino is large enough to allow two body decays of the staus into and 
z>'s. Such final states would be a signature of the enhanced SU (2) D-term scenarios. Furthermore, 
Higgs searches into pairs of W and Z gauge bosons would be similar to the SM except in a small 
region of parameter space where tau sneutrinos are light enough to allow Higgs decays into sneutrino 
pairs. This additional decay mode may lead to a large enough modification of the branching ratios 
of Higgs decay into gauge bosons to avoid recent Tevatron bounds on the Higgs mass. 

For the range of slepton masses consistent with precision electrowcak data, the sneutrinos cannot 
provide a consistent thermal relic density. Indeed, mainly due to the Z-mediatcd annihilation 
channel, the thermal sneutrino dark matter density turns out to be too small. Therefore, we have 
assumed a gravitino LSP, heavy enough to avoid thermal equilibrium with the plasma. Gravitinos 
are produced by the decay of the light sneutrinos and by the scattering of particles in the early 
universe. For appropriate values of the reheating temperature the proper dark matter relic density 
may be obtained. 

In the presence of a gravitino LSP, the light sneutrino decays in the early universe can lead to 
modifications of the light element abundances. However, for sneutrino masses leading to agreement 
with precision electroweak data and gravitino masses larger than a few GeV, these constraints prove 
to be too weak to lead to any relevant bound on the models discussed in this work. 

Finally, we have discussed possible alternative scenarios in which the SU{2)i gauginos are not 
suppressed and therefore the third generation left-handed sleptons masses are driven to large values 
by their re-normalization group effects. The non-standard Higgs bosons will remain light for suf- 
ficiently large values of tan /3 and may play a relevant role in canceling the negative contributions 
to the T parameter induced by the heavy Higgs. This scenario is constrained by current Tevatron 
searches on standard and non-standard Higgs bosons and by cosmological constraints. Moreover, 
as is well known, the neutral and charged Higgs components may induce relevant flavor violating 
effects in such scenarios. However, the large mass sphtting between the neutral and charged com- 
ponents induced by the SU {2)i D-terms leads to important differences in the flavor constraints 
with respect to the traditional MSSM. In particular, the heaviness of the charged Higgs dilutes the 
strong constraints on the MSSM proceeding from the rare decays t^v and h 57. It would 

be interesting to do a more complete analysis of this question. 
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